Abstract-A cost-effective transceiver for a 1-Gb/s full-duplex ultra-dense wavelength division multiplexing optical link is proposed for flexible metro-access and 5G networks. The transceiver is based on a vertical cavity surface emitting laser, which is used as the local oscillator for a heterodyne receiver and also feeds a phase-modulated reflective semiconductor optical amplifier (RSOA) transmitter. The modulation format used in the RSOA is a nonreturn-to-zero differential binary phase shift keying (DPSK) for the uplink, while the downlink is based on a Nyquist DPSK format. The central frequencies of the links are 2 GHz separated, and both links can be placed inside a 6.25-GHz frequency slot. The sensitivity of this transceiver is −43.5 dBm over a 50-km fiber.
I. INTRODUCTION
T HE convergence of wireless and optical networks at the 5G scenario [1] , combined with new streaming media and Internet of Things (IoT) services, are increasing the traffic of metropolitan and access networks. The evolution of these networks is converging to high capacity, all-optical mergednetworks as the one shown in Fig. 1 . In this context, flexible and coherent ultra-Dense Wavelength Division Multiplexing (uDWDM) metro-access networks are the most promising alternative to the current Time Division Multiplexing (TDM) optical networks due to its transparency and high spectral efficiency [2] . However, cost-effective devices have to be researched and developed in order to address the requirements of users and vendors [3] .
This letter presents a cost-effective transceiver based on a continuous-emitting Vertical Cavity Surface Emitting Laser (VCSEL) [4] , a phase-modulated Reflective Semiconductor Optical Amplifier (RSOA) [5] dyne coherent receiver. This transceiver allows a full-duplex 1Gbps channel inside a 6.25GHz frequency slot for a flexible uDWDM metro-access network with a sensitivity of −43.5dBm.
II. SETUP
The proposed transceiver is used in the Optical Network Unit (ONU) of the 1Gbps symmetrical link setup shown in Fig. 2 . The key-component of the transceiver is the VCSEL which is used simultaneously, using a 50/50 coupler, as Local Oscillator (LO) in the reception stage and as feeder in the transmission stage. In the transmission stage, the VCSEL feeds an RSOA using another 50/50 coupler and an isolator to avoid the instability of the VCSEL cavity due to RSOA backscattering. This VCSEL has 20MHz of linewidth and the wavelength stability is ±0.15GHz with a temperature stability of ±0.01°C. The RSOA, which is optical and electrically saturated with the VCSEL (P S = −5.5dBm) and with the 125mA current bias, is modulated with 1Gbps Non Return to Zero Differential Binary Phase Shift Keying (NRZ-DPSK) with 54mA p-p . The ONU transmitted power (P TX ) is −3dBm. The reception stage, that uses the VCSEL as LO (P LO = −5.5dBm), is based on a single-photodiode heterodyne receiver [6] and can be easily upgraded to an independent polarization receiver [7] .
The Optical Line Terminal (OLT) transceiver of this experimental setup is based on an external cavity Tunable Laser Source (TLS), located 2GHz shifted from the central wavelength of the ONU (f OLT = f ONU − 2GHz), which is used as feeder for a Mach-Zehnder Modulator (MZM) at the transmission stage and as LO at the receiver stage. The MZM is set at the null point and modulated with a 1Gbps Nyquist-DPSK format with 12-symbols filter length and zero roll-off factor. The OLT transmits the same power than the ONU, BER vs received power for uplink for the BTB (UP BTB), fiber (UP FIB) and bidirectional connection (UP BIDIR). P TX = −3dBm. The OLT receiver is the same configuration that is used at the ONU but with different LO source (TLS) and power (P LO = 0dBm). In a real implementation, the OLT could be implemented using as much transceivers as users or share the OLT unit between several users and so reduce the cost [2] , [8] .
The transmitted signals for both transceivers are generated using a 12GS/s Arbitrary Waveform Generator (AWG) while the received signals are digitalized with a 40GS/s Digital Signal Oscilloscope (DSO) with 2.5GHz electrical bandwidth.
The optical channel is based on a 50Km Standard Single Mode Fiber (SSMF) and a 1:16 distribution splitter.
III. RESULTS
The sensitivity, defined as the minimum received power to ensure a BER of 2.2 · 10 −3 without FEC and 10 −12 with a 7% overhead FEC [9] , has been evaluated for both links in three different scenarios. The uplink sensitivity for backto-back (BTB) transmission is −48dBm while the power penalty due to a 50Km SSMF transmission is only 2dB, as shown in Fig. 3 . The downlink sensitivity, shown in Fig. 4 , is −49dBm for BTB transmission and the power penalty due to fiber transmission is 1.5dB. The bidirectional connection, when both links are transmitting simultaneously, increases the power penalties by 1dB (4dB) for the uplink (downlink). Consequently, the power budget in this one user scenario is 42dB (40.5dB) for the uplink (downlink), so distances upper 100Km will be reached [6] . Equal power budget can be achieved by P TX / P LO adjustment. A different OLT configuration, including additional users, could reduce the power budget.
The optical spectrum of the 1Gbps symmetrical link, shown in Fig. 5 , was obtained with a BOSA High Resolution Optical Complex Spectrum Analyzer (HROCSA) from Aragon Photonics Labs. The central wavelength of both links are shifted 2GHz away from each other and the wavelength used for transmission is also used as LO for reception. The inlet of Fig. 5 shows the VCSEL spectrum used as light source in the proposed transceiver. Fig. 5 can be used also to explain the asymmetrical power penalty in the bidirectional scenario. The backscattering of the downlink has a narrow bandwidth due to the Nyquist-DPSK modulation over one of the secondary lobes of the uplink spectrum and it can be easily electrically filtered with a small penalty in the OLT receiver. In contrast, the uplink (NRZ-DPSK) has a broad bandwidth and the backscattering generated by the secondary lobe introduces noise over all the downlink spectra, and it cannot be electrically removed. Thus, uplink has a lower power penalty than downlink in the full bidirectional channel scenario.
The uplink signal is generated with NRZ-DSPK modulated RSOA working as phase modulator. Therefore, transitions between symbols lie ideally on a constant amplitude circle at the IQ diagram. This transition between symbols implies a continuous phase variation, as can be seen at the optical phase eye diagram in Fig 6. a, obtained from the HROCSA. It can also be seen at the demodulated electrical eye diagram in Fig. 6 .c, obtained from the implemented heterodyne receiver (Fig. 2) . This eye diagram also shows a spread of the symbol amplitude caused by a residual amplitude modulation at RSOA. The optical IQ diagram from the HROCSA, shown at Fig. 6 .e, confirms both phenomena. The continuous phase modulation of the RSOA is confirmed as the symbols transitions do not cross the IQ diagram origin, while the residual amplitude modulation generates transitions and symbols not laying on the amplitude constant circle. The downlink signal is a Nyquist-DPSK over a MZM. In this case, the transitions between symbols cross the IQ diagram origin, Fig 6. f. The use of Nyquist pulse shaping introduces Inter Symbolic Interference (ISI) along the symbol period with the exception of the symbol center. Therefore, a noticeable temporal jitter at the optical phase transitions is measured Fig. 6 .b. The demodulated eye diagram (Fig. 6.d) , confirms this temporal jitter and shows that the signal maximum is not located in the optimal sampling point due to amplitude overshoots caused by the ISI. The optical IQ diagram (Fig. 6.f) confirms the transitions between symbols crossing the IQ diagram origin and the amplitude overshoots.
The interference between two adjacent channels has been analyzed when OLT is, simultaneously, receiving the uplink from ONU i while transmitting the downlink to an adjacent ONU i±1 . In this scenario, the downlink backscattering of the adjacent channel will deteriorate the uplink BER depending on the frequency distance of the adjacent channel. This is the only case studied because in our proposed channel distribution, the uplink is always flanked with two downlinks (the one of its channel and the one of the adjacent channel) and the interference of an adjacent uplink on the downlink is not relevant due the reduction of the uplink backscattering by the 1:16 distribution splitter [6] . The BER overpass the 7% FEC limit for adjacent channel located in the range from −1GHz to 1.5GHz and 2.5GHz to 5.5GHz, as is shown Fig. 7 . Therefore, frequency slots of 6.25GHz with null band guard [6] could be used for 1Gbps full-duplex link per user.
IV. CONCLUSION
A full-duplex 1Gbps cost-effective transceiver has been evaluated for its integration in an uDWDM link for flexible 5G metro-access networks. This transceiver is based on a single continuous-emitting VCSEL, a phase-modulated RSOA and a heterodyne receiver. In the full-duplex scenario, the sensitivity is −43.5dBm, so ranges of more than 100km can be reached. The uplink and the downlink are placed 2GHz away and the channels can be placed inside 6.25GHz frequency slots and grid.
